The Higgsless model in warped extra dimension is reexamined. Dirichlet boundary conditions on the TeV brane are replaced with Robin boundary conditions which are parameterized by a mass parameter M . We calculate the Peskin-Takeuchi precision parameters S, T and U at tree level. We 
I. INTRODUCTION
Even after the discovery of the Higgs scalar with 125GeV mass [1, 2] , mechanisms to maintain the hierarchy between the electroweak scale and Planck scale is still unknown.
Warped extra dimension is one of the way to explain such a large hierarchy between the electroweak scale and Planck scale [3] . In this scenario, such hierarchy is obtained from the exponentially large warp factor of the metric of the space. In this direction, the standard model in the warped space is considered in [4] . Such models, however, suffer from large deviation of oblique S and T parameters [5, 6] . To suppress the T parameter models are extended so as to possess the custodial symmetry [7] . To suppress the S parameter, branelocalized kinetic terms [8] and the soft-wall warped extra dimension are also considered in [9] . Most cases, nevertheless, Kaluza-Klein (KK) scale is needed to be higher than 3 TeV to suppress the S parameter.
Although some excesses with invariant masses around or below 2 TeV in di-boson channels have been reported [10] [11] [12] [13] [14] [15] , experimental results in the LHC Run-1 [16] [17] [18] [19] and first-year results of LHC Run-2 [20] [21] [22] [23] [24] [25] seem to exclude the Z ′ and W ′ bosons which are lighter than 3 TeV in fermionic decay channels. Therefore in this paper we focus on warped extra dimensional scenarios in which KK particles are heavier than 3 TeV.
In this paper we reconsider the Higgsless model in warped extra dimension [26] [27] [28] . In the Higgsless model the electroweak symmetry breaking is caused by the boundary conditions on the TeV brane, and this model also yields large value of S parameter [28] [29] [30] , and experimentally excluded by the discovery of the Higgs boson. In order to suppress the S parameter, some Dirichlet boundary conditions on the brane are replaced with generalized Robin boundary conditions. A mass parameter M is introduced to parameterize the Robin boundary conditions. In the M → ∞ limit the model reduces to the original model, whereas M = 0 reproduce the unbroken electroweak symmetry. As M decreases from +∞ to zero, we obtain smaller magnitudes of S, T and U parameters while the Kaluza-Klein scale becomes larger.
In this paper we also study the mass structure of weak bosons in detail. The Robin boundary conditions can be induced by the mass terms localized on branes [31, 32] . In the original model where M → ∞, the mass of weak bosons are coming from their momenta along the extra spacial dimension. As M decreases, contributions from the brane mass terms dominates in the weak boson masses. Such a brane mass can also be identified with the vacuum expectation value (VEV) of a scalar field, namely the Higgs boson observed in the LHC. Based on such identification we also estimate the Higgs couplings to the weak bosons in this model. This paper is organized as follows. In Section II, an extension of the Higgsless model in warped space is introduced. In Section III, the model is numerically studied. Section IV is devoted to a summary and discussion. In Appendix A, formulas for the wave function of the gauge field are collected.
II. MODEL
The model [26, 27] 
where µ, ν = 0, 1, 2, 3 and contractions of indices µ, ν are done with η µν .
. f abc is the structure constant of the gauge group, and vanishes for U(1) B−L . g A = g 5L , g 5R ,g 5 denote the 5D gauge couplings of
are the gauge fixing parameters. We take the unitary gauge, ξ A = ∞, and concentrate ourselves only on the physical components, i.e.,
The boundary conditions of gauge fields at z = R are given by
The boundary conditions at z = R ′ are
and for A can be reproduced by introducing a mass term localized on each branes [31, 32] . Together with the surface terms, the boundary action is partly given by
where M U V and M IR are the mass parameters. When we set 
where we have assumed that solutions take the form of A Just same as the original model [27] , we assume that fermions are localized on the z = R brane. The couplings of the fermions to the gauge bosons are read from the covariant derivatives at z = R,
where c w = cos θ W , s w = sin θ W and θ W is the Weinberg angle. g and g ′ are the 4D couplings of SU(2) L and U(1) Y , respectively. In the last line of (II.10) the couplings to the photon is given by eQ where Q = T L3 +Y is the electric charge and e = g/ sin θ W is the electromagnetic coupling constant. Hence we obtain normalization conditions at z = R as follows
and photon wave functions (given in (A.11)) are fixed by
Here let us relate 5D and 4D couplings. From the boundary conditions (II.11) and wave functions given in (A.12), we obtain
The wave-function normalization of the photon is given by
From (II.13) and (II.14), we obtain relations between 4D and 5D gauge couplings as
and sin 2 θ W is given by
With these relations one also finds that the normalized wave functions satisfy
where
For later use, we define wave function renormalizations of W and Z bosons by
Masses of W and Z bosons,
and those are determined by KK mass conditions (A.7) and (A.14), respectively. For m
KK mass conditions are approximately written as
In the MR ′ → ∞ limit they agree with results in [27] , m
= M V essentially normalizes R and R ′ , i.e., the size and shape of the extra dimension, and also determine the shapes of wave functions ψ (A)
n . Contrary, one can read masses of W and Z bosons from the bulk and boundary actions. In the boundary action the mass terms at z = R ′ serve masses for the W and Z bosons. Such brane masses for W and Z bosons m
brane (V = W, Z) can be read from the boundary interaction (II.6) as
Using wave functions in Appendix A, we obtain
where 
each of which measures the contribution of extra-dimensional component of the momentum, p 5 , to the mass-squared of the vector boson. Contrary to the brane masses (II.21), in the MR ′ → ∞ limit we obtain [27] (P W , P Z )
Hence in this limit P W and P Z account for the W and Z boson masses M W and M Z , respectively. Now we consider the precision observables. The S, T and U parameters are defined in [5, 6] by
Since S and U parameters are related with wave-function renormalizations [33, 34] , just following [27] , we write
where Z W and Z Z are defined in (II.19), and we have used Π (′) 3Q = 0 at tree level. There are a few possible expressions of the T parameter. At first, following [27] one can identify P W and P Z with vacuum polarizations at zero momentum 27) and define
We note that in the MR ′ → ∞ limit we have (II.24) and hence identifications (II.27) are naturally allowed. For MR ′ ≪ 1, however, both P W and P Z can be much smaller than M 2 W and M 2 Z and the above identifications cannot be justified. As one of alternatives to T (A) , we express T parameter by a deviation of a tree-level ρ parameter from the unity. To make a contrast with T (A) , here we write the ρ parameter in terms of m are determined by the KK conditions (A.7) and (A.14) with couplings satisfying (II.16), respectively. Then we define
Using (II.20), we estimate
(II.31)
In the MR ′ → ∞ limit we obtain T (B) ∼ 0.5 · 30/ ln(R ′ /R). This is a considerably large
are not directly related to masses of W and Z bosons. For MR ′ ≪ 1, on the other hand, T (B) is suppressed by the factor MR ′ . We also note that in the MR ′ → ∞ limit we have S = 6π/(g 2 ln(R ′ /R)) [27] hence
is satisfied. In the followings, we use both T (A) and T (B) as reference values of the T parameter in this model. 
III. NUMERICAL STUDY
In the numerical study, to see the tree level effects we use α EM = e 2 /4π = 1/128,
.4GeV and M Z = 91.2GeV. We choose R and MR ′ as input parameters. R ′ is normalized so that m
In Table I respectively. We also note that masses of W ′ and Z ′ are almost degenerate. We have also
shown P Z and P W , which are defined in (II.23). Finally, in Table I , we have tabulated S, T = T (A) , T (B) and U parameters. We also plotted the (M, M Z ′ ) and (M, S) with respect to Figures 1 and 2 , respectively.
From Table I one finds that and that γ ′ is slightly heavier than Z ′ and W ′ . From plots in Figure 1 , we see that
where µ ′ = O(1TeV), or one can solve µ ′ = R ′−1 by an iteration.
Experimental lower bound for masses of heavy charged vector bosons at LHC Run-1 are, For P Z and P W , one finds numerically that
and the correspondence (II.27) holds only when MR ′ ≫ 1. For the S parameter, as pointed out in [27] in the M → ∞ limit large value of S = O (1) is obtained. We also see that S shrinks as MR ′ decreases. In Figure 2 , an allowed region of S parameter is also shown. Here current experimental bounds for S, T, U are given in [35] as S = 0.05 ± 0.11, T = 0.09 ± 0.13, U = 0.01 ± 0.11, (III. 4) and S − T , S − U and T − U correlations are 0.90, −0.59 and 0.83, respectively. From the allowed range in Figure. 2 we obtain the bound MR For the T parameter, T = T (A) is tiny for MR ′ = ∞ and this is consistent with the results in [27] . When
T (B) is monotonically decreasing for decreasing MR ′ , and one finds that T (B) is almost proportional to S,
from which we find that (II.32) is well satisfied for finite MR ′ since 4 cos 2 θ W = 3.1. Numer-ically we also find that
for M Z ′ 3TeV. U parameter is very small and this also agrees with results in the original model [27] .
As we have seen from Table I , Figures 1 and 2 , both M Z ′ and oblique parameters depend largely on both R and MR ′ . However, once we choose the free parameters as M Z ′ and R, we find that the oblique parameters mainly depend on M Z ′ but weakly on R. We numerically find that S and M Z ′ are related by
irrespective to the magnitude of R. This behavior is reasonably reflects the fact that S is a dimension-six operator and should be inversely proportional to the square of a new physics scale.
From (III.5), (III.6) and (III.7), for M Z ′ 3TeV one can write both S and T as functions of M Z ′ irrespective to the magnitude of R. In Fig. 3 , we plot (S, T ) with respect to M Z ′ .
From the constraints for (S, T ) with U ≃ 0 which is shown in Figure 3 , we obtain
This result is almost irrespective to R. Hereafter we refer (III.8) as 95% and 99% CL bounds of this model. We also note that the hierarchy between M and R ′−1 which is expressed as MR ′ can be ameliorated to O((MR ′ ) 1/α ). In the α = 3 case, Φ(z) can be viewed as a condensation which breaks SU(2) R × SU(2) R "chiral" symmetry in AdS/QCD [36] [37] [38] in the context of AdS/CFT correspondence [39, 40] . In the α = 2 case, Φ(z) may be interpreted as a VEV of 5th component of the SO(5)/SO(4) gauge fields in the context of the gaugeHiggs unification (GHU) in warped space [41] [42] [43] [44] [45] , or as a pseudo Nambu-Goldstone boson of SO(5) → SO(4) symmetry breaking [46] [47] [48] [49] . In the GHU case, the electroweak symmetry will be broken by the Hosotani mechanism [50] , and the mass of the Higgs is stabilized by the higher-dimensional gauge symmetry [51] .
In this paper contributions to oblique parameters at loop levels are not evaluated. In this model the mass and the mechanism to develop a VEV of the "Higgs" are also unexplained.
These issues are model-dependent and will be discussed separately.
where J ν and Y ν are Bessel functions of 1st and 2nd kind, respectively. C, S, C ′ and S ′ satifty
From the boundary conditions at z = R ′ , Eqs. (II.4)(II.5), one can write the wave functions in (II.8) as The photon correspond to the n = 0 mode and its wave functions are given by 11) where N γ = e is fixed by (II.12).
c. Z-boson tower wave functions of the Z boson and its KK excitations are given by 
